The impairment of root growth and photosynthetical functioning are the main impacts of trace elements on woody plant seedlings. In this work, we assessed the response of Holm oak (Quercus ilex subsp. ballota) and mastic shrub (Pistacia lentiscus) seedlings to high concentrations of Cd and Tl in the rhizosphere. These are non-essential trace elements, with a potential high mobility in the soil-plant system. Seedlings of these species are frequently used in the afforestation of degraded soils in mining areas. Plants were exposed to different levels of Cd (20, 80 and 200 mg L
Introduction
The revegetation of polluted sites with metal tolerant woody plants can be a feasible strategy for the stabilization of the polluted soils (Dickinson, 2000; Pulford and Dickinson, 2006) . The term phytostabilization refers to those physical and chemical processes in the soil that lead to a decrease in the spread of contaminants through the ecosystem, when a polluted soil is afforested (Vangronsveld et al., 1995; Mendez and Maier, 2008) . For a species to be suitable for phytostabilization, the root system should be able to both retain and tolerate high concentrations of metals. For most of woody species, the tolerance to polluting trace elements appears to be more related to plastic phenotypic responses than to specific physiological mechanisms with a genetic basis (Dickinson et al., 1991a; Turner and Dickinson, 1993) . However, different woody species can differ in their tolerant response to trace elements.
Most of the strategies to resist trace element toxicity consist of the prevention of the accumulation of these elements in the aboveground tissues, by root retention in apoplastic barriers (Lux et al., 2004; Vázquez et al., 2006) , chelation with phytochelatins and other ligands (Souza and Rauser, 2003) or active efflux pumps of trace elements in the roots (Cuypers et al., 2002) . Other tolerant plants can uptake and translocate them into the shoots, where they are stored in a harmless state, e.g., by compartmentalization and complexation in the vacuole (Sanitá di Toppi and Gabbrielli, 1999; Cobbett and Goldsbrough, 2002) . Both types of strategies can pose an energetic cost for the detoxification of the trace elements; thus, there is a certain cost of tolerance with may have negative consequences for some plant processes such as growth or reproduction (Baker, 1987; Cox 1988a,b; Hagemeyer, 1999) .
Potentially, those elements which can be easily transported into the aboveground biomass would have stronger effects on photosynthetic, decreasing assimilation rates. However, toxic response at the root level may also influence the photosynthesis rates indirectly, for example by producing a water stress status that leads to stomatal closure (Poschenrieder and Barceló, 1999) .
Cadmium and Thallium are two non-essential trace elements, which are highly mobile in the soil-plant system (Adriano, 2001) . Cadmium interacts with the plant water balance (Costa and Morel, 1994; Poschenrieder and Barceló, 1999) , inhibits stomatal opening (Perfus-Barbeoch et al., 2002) , provokes damages to the photosystems I and II (Krupa and Moniak, 1998; Küpper et al., 2007) and inhibits some of the enzymes of the Calvin cycle (Van Assche and Clijsters, 1990) . Thallium is a less abundant contaminant, although it is highly toxic for plants and animals (Heim et al., 2002) . Very few works have analyzed the effects of Tl on photosynthesis (Bazzaz et al., 1974; Carlson et al., 1975; Gupta and Singhal, 1996a,b) ; some of these works indicate that this element has stronger effects on net assimilation rates and stomatal conductance than other trace elements such as Cd, Ni and Pb, although the underlying mechanisms remain unclear.
In this work, we assessed the response of seedlings of Holm oak (Quercus ilex subsp. ballota Desf. Samp) and mastic shrub (Pistacia lentiscus L.) to different concentrations of Cd and Tl in the rhizosphere. Both mastic shrub and holm oak are typical species of the Mediterranean basin, the latter being a dominant tree in many forested areas. These species are also used in the afforestation of degraded sites and particularly Holm oak shows a high capacity to retain Cd in the roots (Prasad and Freitas, 2000; Domínguez et al., 2009) , enhancing its potential for the stabilization of polluted sites. Mastic shrub plants promote the colonization of deforested areas by different animal groups, such as small mammals and reptiles, due to the low-height, dense crown of the individuals of this species. In this work, we aimed to assess the degree of tolerance of these species to these metals by analyzing the morphological and physiological changes induced by the exposure to Cd and Tl, under conditions of extremely high availability of these trace elements for a prolonged period of time (more than 4 months). Specifically, we studied biomass allocation, relative growth rates and assimilation rates. We combined chlorophyll fluorescence and gas exchange measurements to elucidate the effect of these elements within the photosynthetic apparatus.
Material and methods

Experimental design
Acorns of Holm oak were collected from different trees and sites in the Guadiamar basin (Seville, SW Spain) during the autumn 2005. Healthy acorns were selected, using the floating method to discard those infected by moth or beetle larvae (Gribko and Jones, 1995) . The acorns were stored on a moist substrate in the dark at 0-4°C until their use (Vázquez Pardo, 1998) . Seeds of mastic shrub were purchased from a local company. The seeds and the acorns were sown in forestry trays of twenty 8 Â 20 cm cells, each containing 550 g of pure silica sand, and settled in a greenhouse (University of Seville). Three seeds per cell were initially sown. Previously, they were disinfected by immersion during 10 min in 2% sodium hypochlorite. The traits were randomly placed in the greenhouse at the beginning of the experiment, and the position of each tray was periodically changed. Trays were watered 2-3 times per week, until a significant number of the seeds germinated and seedlings emerged. A sample of emerged seedling with similar size (N = 210 per species) was then selected for the experiment. In the selected cells, only one germinated seed was kept, and the other two were removed.
The seedlings were exposed to seven different treatments (two trays of 15 plants for each treatment, N = 30 per treatment). The control treatment trays received a modified Hoagland nutrient solution (pH 7.1), which was renewed weekly. The other six treatments consisted of different levels of Cd or Tl, which were provided as CdCl 2 or TlCl added to the nutritive solution. Plants were individually watered with 100 mL of the corresponding solution at each time. The tested doses were 20, 80 and 200 mg L À1 for Cd, and 2, 10 and 20 mg L À1 for Tl. These doses were comparatively higher than the usual levels of bioavailability of these elements in moderately polluted sites. For example, in polluted soils from SW Spain, available levels of Cd and Tl (EDTA extractions) range between 0.2 and 0.9 mg kg
À1
, and between 0.01 and 0.024 mg kg À1 , respectively (Madejón et al., 2007) . Since we aimed to explore the range of tolerance of these species, we tested some doses that are within the levels that may provoke initial toxicity symptoms in a broad range of species, with a variable tolerance to both metals. For Cd, phytotoxic effects may appear at leaf concentrations from 5 to 700 mg kg À1 (Adriano, 2001) , while for Tl these effects may appear when plants are exposed to Tl concentration in solution from 0.2 lg L À1 up to 10 mg L
, depending of the species (Nriagu, 1998 
Morphological measurements and relative growth rates
Over the experiment, three plant harvests were conducted: at the beginning of the experiment before the exposure of the plants to Cd or Tl (t 0 ), at the middle of the growing period (t 1 , 66 d from the first harvest for P. lentiscus and 50 d for Q. ilex) and at the end of the growing period (t 2 ). At each time, 10 plants per treatment were collected. Plants were separated into roots, stems and leaves. Leaf area was measured by image analysis of the scanned leaves (Image-Pro Plus 4.5. Media Cybernetic Inc., USA). Each part was dried at 70°C during at least 48 h and weighed. For each plant, the following variables were calculated: M (total plant biomass, g), RMR (Root Mass Ratio, root biomass: total plant biomass), SMR (Stem Mass Ratio, stem biomass: total plant biomass), LMR (Leaf Mass Ratio, leaf biomass: total plant biomass), LAR (Leaf Area Ratio, leaf area: total plant biomass, m 2 kg À1 ), and SLA (Specific Leaf Area, leaf area: leaf biomass, m 2 kg À1 ). Relative Growth Rates (RGR) were calculated according to Hunt (1982) . Toxicity symptoms (dried shoot, leaf senescence) were also registered by visual observations during all the experiment. 
Chlorophyll fluorescence measurements
Chlorophyll fluorescence measurements were taken at the end of the experiment, before the last harvest, in a sample of six plants per treatment. Measurements were taken at midday, using a portable modulated fluorimeter (FMS-2, Hansatech Instruments, Ltd., UK). For each plant one (P. lentiscus) or three (Q. ilex) fully expanded leaves were randomly selected. These leaves were dark-adapted for at least 20 min, using leaf clips. The minimal fluorescence value in the dark (F 0 ) was recorded. Maximum fluorescence in the dark (F m ) was measured after applying a saturating actinic light pulse of 15,000 mmol m À2 s À1 for 0.7 s. Then F 0 and Fig 
Gas exchange
Gas exchange measurements were taken at the end of the experiment, before the last harvest, in a sample of three to five plants per treatment. Measurements were taken in random two (P. lentiscus) or three (Q. ilex) fully expanded leaves per plant at midday in sunny days, using a portable, open-system infrared gas analyzer LCi (ADC BioScientific, Hertfordshire, UK). A 3 m height pole was connected to the CO 2 supply system, to keep the reference concentration of CO 2 constant (395 ± 1 ppm). Photosynthethic Active Radiation (PAR) was 840 ± 8 lmol m À2 s
À1
, which can be considered as a saturating radiation for Q. ilex, under similar light and water availability conditions in a greenhouse (Quero et al., 2006) . Leaf temperature was 31.5 ± 0.2°C, and atmospheric pressure was 1014 mBar. Three instantaneous measurements in each leaf were taken. Photosynthetic area in the leaf chamber was corrected by marking the leaf outline in an acetate surface and scanning and analyzing the acetate surfaces as described above for leaf area. Net photosynthetic rate (A, lmol CO 2 m
), sub-stomatal CO 2 (Ci, ppm) and transpiration rate (E, mmol H 2 0 m À2 s
) were recorded.
Cadmium and Tl accumulation
The concentrations of Cd and Tl in the leaves and roots of the plants were analyzed after the morphometrical measurements in the last harvest. Five plants per treatment were selected. Plant material was ground using a stain-less mill and digested using concentrated HNO 3 in a microwave digester (ETHOS D, Milestone, Italy). Cadmium and Tl concentrations were determined by ICP-MS (Inductively Coupled Plasma Mass Spectroscopy; Perkin Elmer, Sciex-Elan 5000).
Data analyses
For each element separately, differences in the studied variables among treatments were analyzed by factorial analyses. For the morphometrical variables, one way ANOVAs and Tukey post hoc tests were used; previously, data were log-transformed to meet normality. The physiological variables (fluorescence and gas exchange parameters), as well as the metal concentrations showed a high heterogeneity in the variance among treatments. Therefore, non parametric tests (Kruskal-Wallis and Mann-Whitney-U test) were used to assess the differences among treatments.
Relationships between the gas exchange parameters (on a leaf basis) were explored by bivariate homogeneity-of-slopes regression models. These models were used to assess if the relationships between pairs of physiological variables (continuous variables) Fig. 2 . Effects of Cd (left column) and Tl (right column) treatments on gas exchange parameters (mean ± SE) of oak seedlings (circles) and mastic seedlings (triangles): photosynthetic rate per area (A) and stomatal conductance per area (gs). For each variable, values with the same letters did not show significant differences (Mann-Whitney-U test, p < 0.05). N = 5 plants per treatment for oak plants, and 3-4 per treatment for mastic plants.
were constant across the different treatments (categorical factor). If the models showed that the treatment factor significantly influenced those relationships, correlation parameters were calculated separately for each treatment.
Translocation coefficients (TC) were calculated as the quotients between root and leaf concentrations of Cd or Tl in each plant.
All these analyses were performed with Statistica 6.0 (Statsoft Inc., Tulsa, USA).
Results
Growth and biomass allocation
The exposure to Cd and Tl produced a detrimental effect on the growth of the seedlings of both species, although the morphological and physiological changes were different depending on the time of exposure and on the element. In general, Tl provoked more severe effects than Cd at prolonged times of exposition. By the end a b d c Fig. 3 . Relationships between assimilation rates (A) and sub-stomatal CO 2 (Ci) at the leaf level in the oak plants (a and b) and the mastic plants (c and d). Open symbols are leaves of control plants, and closed symbols are leaves of plants exposed to Cd or Tl. For oak plants, the relationship between A and Ci was different in the control leaves than in the leaves of plants exposed to Cd or Tl, and regression lines and parameters (r and p) are indicated separately. of the experiment, changes in the pigmentation of the leaves and dried shoots could be observed for up to 87% of the plants exposed to Tl. At 20 mg L À1 of Tl, a 70% of the oak plants and a 40% of the mastic shrub plants showed dried shoots (Table 1) . By this time at the highest exposure to Cd, 20% of the oak plants showed water stress and leaf senescence.
After 50 growing days, very few morphological changes were observed in the plants. Total biomass of the oak plants treated with Cd was not significantly different than those in the control treatment, but the plants showed a decrease in the production of leaves under the influence of Cd. Therefore, there was an important decrease in the leaf area, LMR, LAR and SLA, and an increase in the RMR (Supplementary Data, Table S1 ). Mastic seedlings showed slighter morphological responses to Cd at this time exposure (Supplementary Data, Table S2 ). Thallium did not induce such changes in the biomass allocation in the plants of any of the species. By the end of the experiment, root biomass was highly reduced by Cd and Tl. In the oak seedlings, leaf area decreased in all the Cd treatments, and in the two highest treatments of Tl. In the mastic seedlings the reduction of foliar area was important for Cd and Tl.
For the first period (from t 0 to t 1 ), the RGRs of the oak plants exposed to Tl (15-20 mg g À1 d À1 ) were even higher than those of the control plants (13.2 mg g À1 d À1 ), while the RGRs of the plants exposed to Cd were lower. During the second period (from t 1 to t 2 ) a generalized decrease in the RGRs was observed in the two species, both for Cd and Tl. The oak plants at 20 mg L À1 of Tl showed around 80% lower RGR than the control plants. The plants at 200 mg L À1 of Cd had negative growth rates, due to loss of some of the leaves during this period, which were not accounted for the measurement of final plant biomass. The mastic plants exposed to the highest doses of Cd and Tl showed RGRs of 0.58 and 3.55 mg g À1 d
À1
, which represented an 82% and a 97% of reduction in the growth rates of the control plants (20 mg g À1 d À1 ).
Chlorophyll fluorescence
Plants exposed to Cd and Tl showed different patterns of fluorescence emission (Fig. 1) , which also depended on the species. In general, Tl provoked a greater impact on fluorescence emission than Cd, and mastic plants were more affected than oak plants. For the oak seedlings exposed to Cd, F 0 did not decrease, but increased at 80 mg L On average, the maximum photochemical efficiency of photosystem II (F v /F m ) did not decrease significantly with the exposure to Cd in the oak plants, while important changes in this parameter were observed in the mastic plants. In contrast, the quantum efficiency of the photosystem II (UPSII) significantly decreased in the oaks plants at the highest Cd concentration, while no changes were recorded for this parameter in the mastic plants.
Thallium provoked strong decreases in F 0 and F v in both species. Maximum photochemical efficiency was highly reduced; at 20 mg L À1 of Tl, the average values of F v /F m were lower than 0.55. Quantum efficiency decreased significantly at 10 and 20 mg L À1 of Tl for mastic and oak plants respectively.
Gas exchange
Assimilation rates (A) in oak plants were highly reduced by the exposure to Cd, down to a 20% of the rates of the control plants (Fig. 2) . In general, assimilation rates of mastic plants were lower than those of oak plants. In the mastic plants, assimilation was also highly affected by Cd, showing negative values at the highest exposure. In contrast to oak plants, gs was not especially affected by Cd.
Thallium provoked similar decreases in the assimilation rates and in the stomatic conductance in both species (Fig. 2) . In the case of oak plants, reductions in stomatal conductance were similar at both Cd and Tl exposures. In the case of mastic plants, Tl provoked a drastic reduction of stomatal conductance.
The relationships between gas exchange variables may help to elucidate the target processes of the Cd and Tl toxicity in the photosynthetic apparatus. In the oak plants, A was positively correlated with Ci in the control plants (Fig. 3a) . Likewise, stomatal conductance and Ci were positively correlated in the control plants (not shown). Some of these patterns of correlations changed when the plants were exposed to Cd or Tl. In the Cd-treated oak plants the relationship between A and Ci was negative (Fig. 3a) , while for Tl-treated oak plants was not significant (Fig. 3b) . In the mastic plants, the relationship between A and Ci was negative and constant across all the treatments ( Fig. 3c and d) . Considering the average gs values and the average leaf area of the plants in each treatment, these two variables were positively correlated (r = 0.96, p = 0.001) in the oak plants.
Cadmium and Tl accumulation patterns
Cadmium and Tl differed in their patterns of allocation in the different plant organs. Cadmium was highly retained in the roots in both species. At 200 mg L À1 of Cd, oak roots accumulated up to 1400 ± 500 mg kg
À1
, while mastic roots reached up to 5000 ± 4300 mg kg À1 of Cd (Fig. 4) . Mastic roots showed a slightly higher accumulation of Tl than oak roots at the highest exposure (up to 1600 ± 600 mg kg À1 ), although due to the large variances the differences between species were not significant at any treatment.
The translocation of these elements to the leaves was different. Cadmium was highly retained in the root system, especially in the mastic plants. Leaf Cd concentrations at 20, 80 and 200 mg L À1 were, on average, 2.5, 28 and 92 mg kg À1 , respectively for oak plants, and 2.2, 2.6 and 13 mg kg 
Discussion
Effects of Cd and Tl on biomass allocation and growth rates
Non-essential trace elements may interact with multiple physiological processes resulting in alterations in the seedling growth rates and in the biomass allocation patterns. We have found that, despite both Cd and Tl negatively affected the growth of oak and mastic plants, the underlying mechanisms of interaction were different, at the morphological and the physiological levels.
Changes in the biomass allocation patterns of the seedlings occurred at prolonged expositions to the metals (more than 50 growing days). During the early stage of growth oak seedlings are very dependent of the maternal seed reserve and in consequence rela-tively independent of environmental conditions (Quero et al., 2007) .
We found that shoot biomass was more severely reduced by Cd than root biomass, resulting in an increase in the RMR of the Cdexposed plants, while Tl provoked slighter changes in the patterns of biomass allocation. The increase in the root:shoot ratio in the presence of Cd has been previously reported for other tree species (Kahle, 1993; Österås et al., 2000) . Some studies indicate that stem elongation can be more sensitive to Cd exposure than root elongation (Aidid and Okamoto, 1992; Gussarsson et al., 1996) . This increase in the RMR and other structural changes, such as the increase in the SLA and the decrease in the LA in the Cd-treated plants, could be related to a possible water stress status induced by Cd. Under low water availability, increased root mass fraction and decreased SLA are common responses of evergreen Mediterranean oak seedlings (Valladares et al., 2008) . In this study, the Cd and, to a lesser extent, the Tl exposures produced a reduction of gs in the oak plants, and gs was positively correlated to LA. This relationship has been previously observed in Holm oak seedlings, in relation to drought tolerance (Leiva and Fernández-Alés, 1998) . Allocation of biomass to the shoots may decrease under metal toxicity, due to a preferential use of the resources for the detoxification of the metal at the root level. An increase in the root respiration rates is usually associated to the tolerance of plant roots to Cd and other trace elements (Lösch and Köhl, 1999; Lunackova et al., 2003b) .
Effects on photosynthesis
Both elements reduced net assimilation rates, although they showed contrasted mechanisms of interactions with the different components of the photosynthetic apparatus. The effects on the photosystem II functioning were very different and depended on the species, as was revealed by the chlorophyll fluorescence measurements.
For Cd-treated oak plants, the fluorescence parameters in the dark state were similar to the control plants. In all the treatments the F v /F m was slightly below 0.83, which is the theoretical optimum (Maxwell and Johnson, 2000) . F 0 increased at 80 mg L À1 , reflecting a reduction in the transfer of energy from the collecting antennae of the PSII to the reaction centers, which is a common response to metal stress in plants (Mateos-Naranjo et al., 2008a,b) . In contrast, Tl in both species and Cd in mastic plants reduced F v /F m values, down to 0.4 in the plants exposed to 20 mg L À1 of Tl, which indicates severe damage in the PSII (Maxwell and Johnson, 2000) . Both F 0 and F v were reduced in Tl-treated plants. The decrease in F 0 could be due to structural alterations in the antenna complexes. Under metal stress the substitution of Mg-ions by metal ions in the chlorophyll of the light harvesting complexes (LHCII) of the PSII can take place (Küpper et al., 1996 (Küpper et al., , 2002 . Substitution of Mg occurs preferentially under low irradiance and dark conditions (shade reaction), while under high irradiance conditions direct damage to the reaction centers are more probable (sun reaction). The metal-Chlorophylls have different wavelength of fluorescence emission than Mg-Chlorophyll, or do not emit fluorescence (Küp-per et al., 1996 (Küp-per et al., , 2002 . By Mg substitution in the LHCII, the functionality of PSII can be much reduced. The strong reduction in the F v in the dark state also suggests direct damages in the reaction centers. Thus, plants exposed to Tl had reduced quantum efficiency under light conditions (UPSII).
Although the PSII in Cd-treated oak plants was relatively unaltered, these plants also showed reduced values of UPSII. This could be due to alterations in the carbon assimilation, producing a downregulation of the photochemical conversion of the energy. The low carbon fixation could be due to a decrease in the internal CO 2 concentrations by the low stomatal conductance (Perfus-Barbeoch ), assimilation rates and sub-stomatal CO 2 (Ci) were negatively correlated. Thus, CO 2 limitation is not likely to be the main reason for the reduced assimilation rates. The increase in Ci could be due to the impairment of carbon assimilation in the dark phase of photosynthesis, as has been reported for many plant species under Cd stress (Krupa and Moniak, 1998; Burzynski and Klobus, 2004) , or due to increases in the respiration rates. In contrast, such negative relationship between A and Ci was not observed for the Tl-treated oak plants, for which a highest correlation between A and gs was observed. This negative relationship between A and Ci was observed in the mastic plants exposed to both Cd and Tl. In these plants, the highest exposures to Cd and Tl even showed negative assimilation rates, suggesting an impairment of carbon assimilation and high rates of respiration.
The reduction of stomatal conductance was an important effect of both Cd and Tl, especially in oak plants. This may be indicative of water stress of the plants, although we cannot confirm this fact because we did not directly measure relative water content or hydric potential of the leaves. Metal toxicity can affect plant water relations at multiple levels, by impairing the water transport into root cells and through roots, or by altering stomatal conductance (Poschenrieder and Barceló, 1999) . In the case of Cd, the low conductance can be provoked directly by interferences in the movement of K + and Ca 2+ in the guard cells (Barceló et al., 1986; Perfus-Barbeoch et al., 2002) , or indirectly by the toxic effects at the root level, such as decreases in the hydraulic conductivity of the root cells and obstruction of the xylematic transport, which activate the mechanisms of stomatal closure (Poschenrieder and Barceló, 1999) . Thallium appears to interfere in the K + movement between guard and subsidiary cells (Pallaghy, 1972) .
Cadmium and Tl accumulation patterns
The different ecophysiological responses of seedlings to Cd versus Tl can be related to the different patterns of translocation of these elements to the shoots. Cadmium was highly retained in roots, and scarcely translocated into the leaves, while Tl was highly translocated into the leaves. The high capacity of Holm oak roots for retaining Cd had already been described for aqueous solution by Prasad and Freitas (2000) , who reported that root material can filter up to 60% of the Cd in the solution. Such Cd accumulation could provoke toxic effects, leading to water stress, as exposed above. The threshold of phytotoxic concentrations of a given metal can be very variable depending on the plant species. For instance, concentrations of 42 mg kg À1 of Cd in roots of Cannabis sativa reduced total plant biomass to 50% (Linger et al., 2005) , while the same reduction was observed in Arabidopsis thaliana at root concentrations of 100 mg kg À1 Cd (Perfus-Barbeoch et al., 2002) . Concentrations higher than 4000 mg kg À1 Cd in the roots of different Salix and Populus species reduced dry mass in a 36%, but they did not produce changes in the assimilation rates or chlorophyll content (Lunackova et al., 2003a) .
For Tl, there is very scarce information about phytotoxic levels at the roots. At the leaf level, in all the treatments the concentrations were well above 20 mg kg
À1
, which is considered as the lower limit of the phytotoxic range for Tl (Kabata-Pendias and Pendias, 2001) . The translocation coefficients (TC) were higher for Tl than for Cd; for oak plants maximum TC of Cd was 0.048, while for Tl this maximum TC was around 0.6, in the plants exposed to 2 mg L
. Thus, the mechanisms of trace element retention in roots are much more effective for Cd than for Tl. Cadmium could be retained by the pectins of the cell walls, where Cd 2+ could displace some other divalent cations, such as Ca 2+ and Mg 2+ (Brünner et al., 2008; Domínguez et al., 2009) . Also, the sequestration of Cd by phytochelatins and other ligands in roots can be higher than in shoots, depending on the species (Souza and Rauser, 2003; Marentes and Rauser, 2007) . In the plants exposed to Tl, the symptoms of damages in the photosynthetic components suggest that there are no effective mechanisms of detoxification of Tl in the leaves of the plants, at the tested doses. We must note that the tested doses were different for each element, which could also explain the different ecophysiological responses to each element. These doses were selected to represent the range of levels that may provoke initial toxicity symptoms in a broad range of species, with a variable tolerance to both metals. However, comparing the common dose (20 mg L
), Tl provoked more severe effects than Cd, especially in those variables related to the functioning of the PS II.
Tolerance of Holm oak and mastic shrub seedlings to Cd and Tl
Both elements Cd and Tl negatively affected growth rates and photosynthesis, but Tl had a stronger effect on the performance of the seedlings, and fluorescence and gas exchange variables were much affected in mastic seedlings than in Holm oak seedlings. There are evidences that Holm oak seedlings are much more resistant to Cd than to Tl, and in general more resistant than mastic plants. Firstly, the oak plants exposed to Cd showed the typical structural changes that favour drought tolerance in Holm oak seedlings, as a possibly plastic response to the water stress status provoked by Cd accumulation in the roots. This response was not observed for Tl, despite the stomatal conductance also showed important reductions in the Tl-treated plants. Secondly, PSII in the Cd-treated plants was almost unaltered, while in Tl-treated plants severe damages to the PSII were observed. Finally, Cd was highly retained in roots, with a very restricted translocation to the leaves, while Tl was highly translocated to the leaves provoking the mentioned damages, and posing a higher risk of transfer for the food chain. The plants exposed to Cd presented earlier changes in the patterns of biomass allocation and growth rates than the plants exposed to Tl. Thus, there could be a trade-off between growth and resistance from short-time expositions to Cd, which was not observed for Tl or for mastic plants. The prevention of metal translocation and the accumulation of metals in detoxified forms (for instance, by cell-wall binding at the root levels) are two basic strategies of metal tolerance (Baker, 1981) . Therefore, Holm oak seedlings can be considered as relatively good tolerant to Cd, given the extremely high concentrations tested in this work. Recently, Disante et al. (2010) have also reported a relative high tolerance of other Quercus species to trace elements, among a group of Mediterranean woody plants. We must note that, at the highest exposures of Cd and Tl, plants were gradually exposed to increasing doses during the first two weeks, to avoid a possible massive mortality of the plants at early stages of the experiment. This could have promoted the acclimation of the seedlings to the metals, because of the potential high phenotypic plasticity of seedlings of woody plants (Dickinson et al., 1991b; Pulford and Dickinson, 2006) . Some authors suggest that acclimation of woody seedlings to sub-toxic doses of metals in the nursery may improve the performance of the plants when planted in contaminated soils (Punshon and Dickinson, 1997) . The possible implications of the metal stress for the overall resistance to simultaneous environmental stresses in the field should be taken into account. In particular, the effects on plant water relations are of important concern. Under Mediterranean climate conditions the resistance of the seedlings to summer stress is one of the key factors for survival and establishment. Alterations of the water status of the plants under metal stress may reduce the drought tolerance of the seedlings, hampering the seedling establishment in polluted sites. However the conditions tested here are of extremely high pollution, with a high bioavailability of trace element due to the inert substrate. Under field conditions, the bioavailability of Cd and Tl in moderately polluted soils is usually lower. The high capacity of Cd retention in roots by oak seedlings and its relatively good tolerance to Cd is an interesting feature for their use in the phytostabilization of polluted soils. 
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